Abstract: We present a new tunable all-fiber compact multimode fiber (MMF)-based filter and its applications in fiber sensors. Using the matrix optics approach, we theoretically analyze the transmission characteristics of the tunable filter. The expression of the transmission of the optical filter is the same as that of a regular Mach-Zehnder interferometer (MZI) but with an additional optical phase shift in the sinusoidal function, which makes the MMF-based filter tunable. The phase shift could be changed by properly adjusting a polarization controller where the MMF is simply coiled into. The theoretical result has been verified by our experiment. The proposed tunable filter has been employed for intensity interrogation of a fiber Bragg grating (FBG)-based temperature sensor where the MMF-based filter serves as an edge filter. With the tuning technique, we are able to set the FBG peak to the linear regime of the interference pattern to achieve optimum sensing operation range. By monitoring the optical power changes, it is feasible to obtain information that permits temperature measurement with a simple and low-cost structure.
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Introduction
The fiber optic sensor has been one of the most important fiber optic devices in numerous industrial applications, for example, in civil engineering, the gas and oil industry, and aerospace, due to their unique advantages of light weight, high sensitivity, long lifetime, and immunity to electro-magnetic interference. The fiber Bragg grating (FBG) has been a popular sensing element by monitoring wavelength shift of the grating to the temperature variation. However, it has a relatively low sensitivity of about 10 pm/ • C. To improve the sensitivity, tremendous efforts have been dedicated to different types of interferometers based on the wavelength shift of their interference spectra to the temperature change, for example, the Fabry-Perot interferometer [1] , the high-birefringence fiber (HBF) Sagnac interferometer [2] , and the Mach-Zehnder interferometer (MZI) [3] - [7] . Among them, MZI has attracted considerable interests due to its simple structure and high sensitivity. Different approaches have been proposed for sensing temperature based on the interference between different modes by employing liquid-core [3] , microcavity [4] , photonic-crystal fiber (PCF) [5] , gourdshaped microfiber [6] , and five-core fiber [7] .
On the other hand, studies on fiber-optic sensors reported so far [1] - [7] have mainly focused on wavelength-based monitoring method by using optical spectrum analyzers (OSAs). However, it is very costly, bulky and has slow scanning speed, consequently, increases the complexity of the sensor systems and limits their practical applications. Considerable attention has been paid to develop cost-effective fiber-optic temperature sensors. Passive interrogation methods [8] - [12] have been proposed by using a FBG sensor head along with different types of wavelength-dependent filters to transform the change from the wavelength information into the variation of intensity, for example, cascaded polarization-maintaining fiber (PMF) Sagnac loop filter [8] , erbium-doped edge filter [9] and long period grating (LPG) [10] - [12] . Note that LPG is cross sensitive to surrounding medium and fiber bending. Multimode fiber (MMF) based MZI has been proposed by our group for simultaneous measurement of temperature and strain [13] . The applications of MMF-based modal interferometers in fiber sensors [14] - [17] recently have attracted much interest due to their unique features of simple, compact, low cost and easy fabrication. For the use of MMF-based filter as an edge filter for the interrogation of FBG fiber sensors, it is very important to be able to tune the filter such that the center of the FBG locates within the usable linear spectral range. However, little work has been done to address this issue so far.
In this paper, we present a new simple and compact tunable MMF-based filter and its application in cost-effective interrogation of fiber sensors based on a FBG. The MMF used is low-cost commercially available fiber. The proposed MMF filter is a typical modal interferometer constructed with single-mode fiber (SMF) and MMF. To achieve the tunable feature, we coil the MMF into a commercially available 3-paddle polarization controller (PC), and by adjusting the PC, the MMF-based filter can be tuned within a free spectral range. The principle of the tunability will be explained theoretically. With such a filter as an edge filter and a FBG as a sensor element, we are able to monitor the temperature changes in the FBG by measuring the power ratio change after the edge filter without the need of the costly OSA. Furthermore, by varying the length of the MMF, an improved temperature operating range can be achieved. Fig. 1 shows the experimental setup of the proposed tunable optical filter. The tunable filter formed by three sections of fibers (SMF-MMF-SMF) being spliced together, serves as a MZI, where the MMF is coiled into a PC in order to enable the filter to be tunable. The SMF-MMF-SMF structure, being intensively studied in the recent years, can naturally create the intermodal interferences. Light starts at the 1st section of SMF1 with only one path (due to single mode nature of the fiber), which is split into multiple paths (because of the excitation of the multiple modes in MMF), and then combined into one path again in the last SMF2 section. Although different paths have the same physical lengths, the difference of the mode effective indices between different modes in MMF gives rise to the interference effect of the MZI. In the proposed configuration, the MMF is coiled into a 3-paddle PC, which will introduce the stress-induced birefringence into the different modes of the MMF. The birefringence intensities of the PC to the fundamental mode and higher order mode are different. Consequently, an extra phase will be introduced to different paths (i.e., modes), which enables the unique feature of the tunability of the proposed novel all-fiber MZI.
The MMF Based Tunable Filter
To understand the working principle of the proposed tunable MMF-based filter in Fig. 1 , a simple theoretical model is presented, where Jone matrix [18] will be used in the following to construct the mathematical modules. To simplify the theoretical analysis of the tunable property, we assume that only two dominant modes (LP 01 and LP 02 ) are excited in the MMF [13] , [15] ; the coupling coefficient of the fundamental mode is κ, and 1-κ for the high-order mode. The attenuation in the fiber is also neglected. By respectively writing the input electric field E i in SMF1, and E 1 and E 2 at starting point of the MMF for the two dominant modes as
, and
, we have the output electric field E o n of the two modes at the end of the MMF written as
where n = 1, 2 stands for the two different modes; x and y stand for the two orthogonally polarization components; φ n is the linear phase shift of the modes in MMF with a length of L; λ is the operation wavelength and n n is the effective refractive index of the two modes; T PC n is the transfer matrix of the PC; n and δ n , respectively, stand for the angle of the fast axis orientation of the PC with respect to the x polarization component, and the birefringence intensity attributed to the phase difference between the fast axes and the slow axes of the PC.
By using (1) and (2), we can obtain x and y components of the output electric field of the two modes at the end of the MMF:
From (3), one can see that the fundamental mode and the other higher-order mode experience the phase shifts with different amplitudes from fiber itself as well as that from the stress-induced birefringence while propagating along the MMF. When the two modes are combined at the SMF2, from the principle of the superposition the normalized intensity of the resultant wave can be written as
By substituting (3) into (4), and having set E i ,y = 0 for simplification, we can obtain the transmission of the proposed tunable filter
where
With considering the angle of the fast axis orientations of the PC for the two modes are the same, i.e., 1 = 2 , the coefficients M and N in (6) can be simplified as
Specifically, when the fast axis orientations of the PC are aligned with x polarization component, i.e., 1 = 2 = 0, then (5) can be further simplified as
From (8), one can clearly see that the transmission of the proposed filter behaves like the typical two-beam based interferometer, such as traditional MZI, where the contrast of the interference and the free spectral range (FSR) are, respectively, determined by the coupling in the two modes κ and the phase shift φ between the fundamental mode and the other high-order mode. From (6), the FSR of the filter can be expressed by
where n is the modal index difference of the two dominant modes. Note that the significant difference between the conventional MZI and the proposed filter is the presence of the additional phase shift δ 1 − δ 2 in (8), which is contributed from the difference of the birefringence of the PC induced into the two modes. The additional phase shift could be varied by adjusting the PC. As a result, the proposed MZI filter can be achieved to be tunable. It is worth noting that stress-induced birefringence in MMF in a MZI makes it tunable on wavelength while that in SMF in a fiber loop mirror (FLM) makes it tunable on the reflectivity of the FLM [18] . To verify our theoretical modeling of the proposed tunable filter, experiment has been performed with the setup in Fig. 1 . The light from a broadband source (BBS) at L-band is launched to the MMFbased MZI filter (shown in the box in Fig. 1 ), which is measured by an OSA. The net transmission of the MMF-based MZI filter is obtained by the spectrum of the filter subtracting from the BBS source spectrum to remove the dependence of the spectrum of the BBS. The SMF1 and SMF2 are corning SMF-28 fibers. The MMF fiber is a graded-index multimode fiber which has numerical aperture of 0.29 and core/cladding diameter of 100/140 μm. The PC consists of three small discs with the MMF being coiled, respectively functioning as λ/4, λ/2 and λ/4 wave plates. The transmission spectra of the proposed filter are shown in Fig. 2 . The solid line is the spectrum of the filter without adjusting the PC. By suitably adjusting the angular orientations of the three wave plates, consequently varying the birefringence intensity of the two modes, the tunable feature of the MMF-based MZI filter can be achieved as shown in the dotted, dashed, and dash-dotted curves in Fig. 2 . The interference fringe pattern is approximately uniform in sinusoidal shape, confirming that two modes primarily interfere while the envelope of the spectrum is slightly modulated by the presence of the higher-order modes. When only considering two dominant modes, the relative power ratio I 2 / I 1 in the two modes (LP 02 and LP 01 ) can be obtained from the extinction ratio (ER) of the tunable filter [19] , which is given by
The ER in (10) is in dB. The ER of the solid line in Fig. 2 , converted from the transmission at crest and trough, is about 2.8 dB. The relatively low extinction ratio (about 2.8 dB) of the interference fringe suggests that the power in the LP 02 mode is relatively as low as 2.6% of the total power. Note that the interference depth could be enhanced by splicing the SMF and MMF with a core offset [19] ; however, it is accompanied with a large transmission loss. Fig. 3 presents the experimental setup for the interrogation of temperature sensor with the proposed tunable filter. The BBS is used to illuminate an FBG via an optical circulator. The FBG is inserted through a copper tube with a diameter of 1.5 cm, which was wrapped with a heating tape. The FBG was written in standard SMF, with a center wavelength of 1577.462 nm and a bandwidth of 0.2 nm at room temperature. The reflected light from the FBG is split into two paths by a coupler C2 after passing through a circulator. In one path, the intensity P1 is directly measured by a power meter PM1 as a reference to eliminate any power fluctuation and the dependence of the BBS intensity on wavelength; the other path passes through the MMF-based MZI tunable filter (shown in the dashed box) and the intensity P2 is directed measured by another power meter PM2, and the spectrum can be monitored by an OSA.
Experimental Results and Discussions
Here, the MMF-based filter is used as an edge filter which can transform the wavelength shifts to the temperature to intensity variations. The spectrum shape of the interference-based filter is sinusoidal, which means the peak or trough regions cannot be used for this purpose. Only the linear region from A to B, or from C to D, as shown in Fig. 4 can be effectively employed for the intensity interrogation. When the temperature of the FBG increases, the center wavelength of the FBG will have a red wavelength shift. Thus, to ensure having a maximum operating range of the sensor system, the peak of the FBG has to be located in the linear range with starting position at either A or C, which can be implemented by the proposed technique with adjusting the polarization controller to tune the MMF-based filter. This is why it is very important to have the MMF-based filter to be tunable for low-cost interrogation system in the sensing applications in order to achieve the maximum potential. If the testing point starts at Position A (C), we will have a positive (negative) slope of the power vs. wavelength, consequently positive slope of the power vs temperature is expected. The operating range of the sensor system is determined by the wavelength difference (λ B − λ A ) between position A and B, or wavelength difference (λ D − λ C ) between position C and D. This indicates that the MMF filter with a larger free spectral range (FSR) will have a wider operating range.
In order to know the exact position of the FBG peak within the MMF interference pattern, we inserted a coupler (C1) with 5% of the coupling ratio and connected the 5% arm to the right side of the FBG, such that the MMF filter can be illuminated by partial of the BBS. Thus, we can monitor the spectrum of the MMF filter along with the FBG at the same frame. In the experiment, we fabricated a 1.5 m long MMF-based filter as shown in Fig. 3. Fig. 5 shows the transmission spectra of the MMF-based filter for different temperatures. As expected, the FBG peak is superimposed on top of the MMF interference pattern; with changing temperature the interference pattern stays still while the peak of the FBG moving accordingly. At room temperature, the starting test point was set at position A (as marked in Fig. 4) by suitably adjusting the PC in order to achieve maximum linearly sensing range with a positive slope. The measured FSR of the filter is about 6 nm, resulting in the effective refractive index difference of 6.24 × 10 −4 between the two dominant modes. Note that the small mini peaks on the left side of the FBG is from the FBG itself (as seen in the inset of the Once the test starting point is set, we disconnect the connector so the testing results from the power meters (P1 and P2) are all contributed from the reflection signal of the FBG without the background BBS contribution. The power ratio of P 2 to the reference power P 1 is employed to eliminate the BBS wavelength dependence and the source power fluctuation. As mentioned earlier, the operational sensing range of the sensor can be increased by using MMF filter with a large FSR. The FSR of the MMF-based filter is inversely proportional to the length of the MMF from (9) . In order to demonstrate how the sensing operation range can be enhanced, we choose two different lengths of the MMF for the experiment. Fig. 6 illustrates the temperature response to the power ratio (P 2 /P 1 ) for 1.5 m long MMF and 1 m long MMF, represented by hollow square and solid circle respectively. The purple and blue lines are the linear-fit lines. It can be seen that there is a good linear relationship between the temperature and the power ratio, and the correlation coefficient square of R 2 reaches to 0.9979 and 0.9977 for 1.5 m long MMF and 1 m long MMF, respectively. Within the linear region, the temperature range is 70°C (from 25°C to 95°C) for the case of 1.5 m long MMF while the testing temperature range reaches 181°C (from 25°C to 216°C) for the case of 1 m long MMF. As expected, the operational temperature sensing range can be significantly enhanced by choosing the shorter length of MMF.
